Abstract-This paper provides performance analysis of relaybased cognitive radio (CR) networks and presents a detect-amplifyand-forward (DAF) relaying strategy for cooperative spectrum sensing over non-identical Nakagami-m fading channels. An advanced statistical approach is introduced to derive new exact closed-form expressions for average false alarm probability and average detection probability. We also introduce a novel approximation to alleviate the computational complexity of the proposed models. This paper points out the inconsistency of several assumptions that are typically used for performance analysis of CR networks and reveals that channel fading on the relaying links yields similar performance degradations as on the sensing channel. The study also shows that it is not necessary to incorporate all CRs in the cooperative process and that a small number of reliable radios are enough to achieve practical detection level. Compared with the amplify-and-forward strategy, refraining the heavily faded relays in the DAF strategy improves the detection accuracy and reduces the bandwidth requirement of the relaying links. The presented analysis could lead to intuitive system design guidelines for CR networks impaired with non-identical faded channels.
I. INTRODUCTION
R ELIABLE spectrum sensing is a critical and challenging issue due to the nature of the wireless channels in fading and shadowing environments [1] , [2] . However, the accuracy of detecting the primary network can be improved by sharing local observations among CR users which adds diversity to spectrum sensing networks and helps improve the detection reliability. It has shown that a network of cooperative CRs that experience different channel conditions from the target, would have a better chance of detecting the primary radio if the individuals local sensing are jointly combined at a fusion center [3] , [4] .
For cooperative relay-based networks, two communication links (hops) need to be considered: first, the sensing paths from the source (primary user) to the relays (CR users), and second, the relaying paths from the relays to the common receiver.
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Generally, relay-based networks employ either an AF protocol or decode-and-forward (DF) protocol. Raw measurements are forwarded to the fusion center in the AF protocol, while only decisions are forwarded to the fusion center in the DF protocol.
The DF protocol offers a substantial bandwidth reduction of the relayed signals. However, the AF protocol shifts the complexity from local radios to the fusion center and allows the soft-fusion policy to be implemented at the receiver which has been proved to be an optimal combining technique [5] , [6] . Based on the amplifying gain, the relay is referred to as a channel state information (CSI)-assisted relay or as a fixed-gain relay. The former case requires the CR to be aware of the instantaneous sensing channel state to adjust its gain according to the sensed power. On the other hand, the fixed-gain relay amplifies and forwards the received signal with a constant gain which results in an output signal with variable power. Although, fixed-gain relaying significantly reduces the complexity of each relay, its performance in fading channels is still less explored and is not expected to perform well compared to the CSI-assisted relaying [7] . Several cooperative diversity approaches have been proposed in literature. In [8] , a logic-based decision fusion policy is considered to investigate error effect on reporting decisions to a fusion center over independent and identically distributed (i.i.d.) Rayleigh fading channels. In [9] , the authors investigate the performance of an energy detector over wireless channels with composite multipath fading and shadowing effects. The proposed CSS model is quantified based on the detection probability as a performance measure. However, the relaying channels are overlayed and a single-hop CR network model is considered. Similarly, the relaying links are overlooked in [10] . The work presents a performance analysis of energy detector over multipath fading for a system with antenna diversity reception.
Relay-based CR networks are proposed in [11] - [16] . Authors in [15] show that cooperative relay technology offers an effective method to improve the performance of both spectrum sensing and secondary transmissions. Specifically, radio transmission can be optimized in terms of spectrum efficiency through a joint analysis of the spectrum sensing and the secondary transmissions. In [11] , a distributed network with i.i.d. Rayleigh fading channels is considered. The authors propose that secondary users with higher detection probabilities constantly act as relays to help those with lower detection probabilities. A centralized network with a fusion center is 0090-6778 © 2014 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
introduced in [12] . The AF protocol is employed to relay local observations to a common receiver over a correlated log-normal shadowing effect. Based on the harmonic mean of two random variables, the authors in [13] propose a CSS approach with sensing and relaying links subject to i.i.d. Rayleigh fading. The amount of fading is used as a performance measure to quantify the proposed approach. In [14] , the authors generalized the traditional diversity gain definition and showed that the full diversity is still achievable for secondary transmissions within a target primary outage probability requirement. The problem of decision fusion for cooperative spectrum sensing in CR networks is studied in [16] when fading channels are present between the CRs and the fusion center. Decoding-based fusion rules are investigated for non-coherent transmission schemes over i.i.d. Rayleigh channels. For each fusion rule, the optimum sensing parameters are obtained to achieve the maximum secondary throughput. A selective-relay based cooperative sensing scheme without a dedicated channel is proposed in [17] . The authors suggest that each CR user forwards its initial detection result in a selective manner depending on whether the primary network is absent or not. Specifically, if any of the CR users detects the absence of the primary user, it transmits an encoded indicator signal to the fusion center over an orthogonal sub-channel of the primary channel. In [18] , the authors define new performance metrics to guide the spatial-temporal opportunity detection and propose a 2-D sensing framework to improve the opportunity detection performance, which exploits correlations in time and space simultaneously by effectively fusing sensing results in a spatial-temporal sensing window. By utilizing the derived cumulative distribution function of the received signal-to-noise ratio (SNR), a performance of spectrum-sharing systems with MRC diversity in Rayleigh fading channels is investigated in [19] . Both the transmit and interference power constraints on the transmit power of the CR are considered.
Importantly, the relaying channels convey noise to the destination. Specifically, the difference between a conventional single-hop system and a relay based dual-hop system is that the noise in the single-hop system is independent of the channel statistics while the noise in the dual-hop system is not. However, in most studies on cooperative sensing (see, e.g., [20] - [24] and the references therein), the effect of the wireless channel is taken into account only on the sensing channels and neglect the noise accumulation that characterizes typical relaying protocols. Even when faded relaying channels are considered (see, e.g., [8] and [11] ), the fading models on both sensing and relaying links are oversimplified.
Motivated by the above considerations, we propose the DAF relaying strategy that takes into account realistic system operation conditions. We aim to show that multipath fading on relaying channels yields similar performance degradations as multipath fading on sensing channels. The DAF strategy aims to mitigate the problem of bandwidth requirements which arises due to reporting real measurements to the fusion center and to improve the detection accuracy through refraining the unreliable relays. We provide a statistical approach to derive closedform expressions for the average detection probability and the average false alarm probability. A novel approximation method is proposed to alleviate the computational complexity of the probability density function (PDF)-based statistical models. The derived expressions can be used to determine the energy threshold value and the maximum transmission power that meet a given detection accuracy over non-identical fading channels.
In a different way from the typical assumptions of i.i.d. faded channels, we consider a general fading model in which the sensing and the relaying channels are subject to independent but not necessary identical Nakagami-m fading. The wide versatility, experimental validity, and analytical tractability of Nakagami distribution have made it a very popular fading model for performance analysis investigations in diversity schemes and co-channel interference [25] . While initial investigations in CR network's performance have dealt with independent and identically distributed diversity paths, more recent works have focused on the performance analysis over non-identical fading diversity paths.
The study quantifies the performance of the proposed network models using detection probability as the main performance measure. The study quantifies the performance of the proposed network models using detection probability as the main performance measure. The main contributions of this study compared to our previous work in [3] , can be summarized as follow, 1) A detect-amplify-and-forward relaying strategy for CSS over non-identical Nakagami-m fading channels is introduced in this study. The AF strategy presented in [3] is used here for the purpose of comparison. 2) An error analysis scheme is presented to investigate the error results in truncating infinite series that appear in the closed-form expressions of the false alarm probability and the detection probability.
In Section II, we present an analytical approach to derive exact and approximated closed-form expressions for the average false alarm probability and the average detection probability. In Section III, we validate the derived expressions and present performance evaluations of the proposed CSS system. Finally, the proofs of the derived expressions are given in Appendices A-E.
II. SPECTRUM SENSING MODELS
A centralized CR network with L active secondary users is considered. The cooperative decision is assumed to be made by a fusion center. The secondary users,
, stand for the system relays and share the same spectrum band which is originally allocated to the primary user. The secondary users operate in a fixed time division multiple access (TDMA) scheme where sensing and transmission phases are alternating periodically. Fig. 1 illustrates the proposed system model. The sensing phase consists of two time intervals, namely, the observation interval and the relaying interval. In the first interval, all CR users listen to the primary user signal over the shared spectrum band, and in the second interval each CR user acts as a relay and works according to one of the following strategies: 1) AF strategy: CR amplifies the signal received in the observation interval and directly relays it to the fusion center by a maximum transmission power constraint during its relaying time slot. No local detection is performed in this strategy. 2) DAF strategy: CR performs a local detection based on the signal received in the observation interval. If the decision is that no primary's signal is detected, the CR keeps quiet and transmits only an indicator signal to the fusion center during its relaying time slot. Otherwise, If the primary's signal is detected, the CR amplifies the received signal and relays it to the fusion center by the maximum transmission power constraint.
The channel fading parameters of the ith sensing link and the ith relaying link are denoted by h s i and h r i , respectively. We also denote by n s i and n r i , the additive Gaussian noise of the sensing and the relaying channels, respectively. The noise n s i and n r i are assumed to be i.i.d. with one sided power spectral density N 0 . We assume that h s i , h r i , n s i , and n r i are pairwise independent. Throughout this paper, we assume that every CR is a CSI-assisted AF relay with a maximum power constraint, P i . As in [26] , the relay access to its channel state information is facilitated by allowing pilot symbols to be transmitted at regular intervals. Hence, the relay measures the average received signal power and scales it appropriately so that the power constraint is satisfied. Moreover, we assume that perfect CSI is available at the destination such that the fusion center is fully aware of channel's states.
Let x p denotes the signal transmitted by the primary radio, then the instantaneous signal received by the ith CR user, y s i , can be expressed as
where θ = 0 or 1 denotes the primary user state under two hypotheses: H 0 for primary user absence and H 1 for primary user presence. Since the sensing links are assumed to be subject to a Nakagami-m fading, then the ith instantaneous received power Y s i , follows a gamma distribution 1 with a PDF given by [25] , [27] , [28] 
where m i is the Nakagami-m fading parameter, Γ(.) is the gamma function as defined in [29, Eq.(6.1.1)], and σ
where
is the expected value of the primary user signal power as received under hypothesis H 1 and γ s i = E i /N 0 is the average SNR associated with the ith sensing link. Since we model the signal as a random variable with a known power, the energy detector is considered the optimal receiver for detecting the presence of the signal [30] . For local detection, Y s i is compared with a given threshold λ i to infer the primary state θ. By definition, a false alarm occurs when the primary user activity is claimed under H 0 , while an accurate detection occurs when the primary user activity is claimed under H 1 . Hence, the false alarm probability, P f i , and the detection probability, As can be seen from the expression given in (4), the false alarm probability of the individual local detection is not related to the SNR and mainly depends on the decision threshold, λ i . Therefore, to employ the energy detection, λ i , should be properly selected to achieve a target detection accuracy. In most research works, e.g., [3] , [20] , [26] , [32] , λ i is selected such that the false alarm probability is bounded by an upper target value P f < 0.1.
A. Single-Relay System 1) AF Relaying Strategy:
According to the AF relaying strategy, CR users are allowed to amplify the received signal and directly relay it to the fusion center. Accordingly, the signal received at the fusion center takes the form
where A i denotes the amplification factor of the ith CR relay. According to the power constraint, A i is selected as [33] 
The second term in equation (6) clearly indicates that the noise in the dual-hop system cannot be independent of the channel statistic. Accordingly, the propagation characteristics of the second hop must be considered when computing the false alarm and the detection probabilities.
Let define g i = |h r i | 2 as the instantaneous channel gain of the ith relaying link and g i Δ = E{|h r i | 2 } as the expected value of g i . Since h r i follows a Nakagami-m distribution, it is easy to verify that g i follows a gamma distribution given by
Let Y i denotes the power of the relayed signal y i , then from (6), the mean value of Y i for a given g can be expressed as
Proposition 1: Over Nakagami-m channel fading, the average false alarm probability for a single-relay AF system, P AF f i , can be expressed as
where 
Although the closed-form expressions derived above for P
given in (10) and (11), respectively, can be implemented easily in common mathematical software such as Mathematica, series truncation is required. Equation (12) shows the error, (|ε AF f |), results in truncating the infinite series in (10) by N terms. This error bound is derived by using the alternating series estimation theorem for given values of γ s i , m i , and λ
In a similar way, the error results in truncating the infinite series in (11) by N terms, |ε
2) DAF Relaying Strategy:
According to the DAF strategy, each CR user performs a local detection and makes its own decisionθ i regarding the primary user status. Then, ifθ i = 1, the CR user amplifies and relays its local sensing to the fusion center. Otherwise, it keeps quiet ifθ i = 0 and only an indicator signal is transmitted to the fusion center. The signal received at the fusion center over the ith relaying link takes the form
Proposition 2: Over Nakagami-m channel fading, the average false alarm probability, P
DAF f i
, and the average detection
, for a single-relay DAF system, can be expressed as
respectively, where
Proof: See Appendix B. The error results in truncating the infinite series in (15) by N terms, (|ε
In a similar way, the error results in truncating the infinite series in (16) by N terms, |ε
DAF d
|, can be obtained.
B. Multi-Relay CSS System
1) Multi-Relay AF Strategy: Under multi-relay system, each CR user amplifies and forwards its local observations to the fusion center. The fusion center then fuses the relayed signal to infer the activity of the primary network. The performance analysis of this approach requires determination of the statistics of the sum of the squared envelopes of the faded signals over several diversity paths which can be achieved through MRC technique [34] . Accordingly, the fused signal can be expressed as
Let Y denotes the power at the output of the MRC receiver, then for given g i 's, the mean value of Y is given by
Proposition 3: Over Nakagami-m channel fading, the average false alarm probability, P
, for any number of cognitive radio relays, L, in a multi-relay AF system is given by
Proof: See Appendix C. Similarly, the average detection probability can be expressed as
Over Rayleigh fading channels, P 
The error results in truncating the infinite series in (20) by N terms (|ε
In a similar way, the error results in truncating the infinite series in (24) by N terms, |ε AF d |, can be obtained.
2) Multi-Relay DAF Strategy:
In this section, we consider the DAF strategy in a multi-relay system. Each CR independently makes its own decision then amplifies and forwards it to the fusion center only when it claims the activity of the primary user. The fused signal can be expressed as
From (28), for given g i 's, the mean value of Y can be expressed as
Using (29), the PDF of Y under the hypothesis H 0 denoted by f Y |H 0 (y) for given g i 's can be written as
and the PDF of Y under H 1 denoted by f Y |H 1 (y) can be written as
cases that relate to the decisionsθ i 's as can be seen from (30) and (31), respectively. We defineθ
denote the occurrence probability of the jth case under H 0 and H 1 , respectively. Therefore, the average false alarm probability P DAF f , can be evaluated by averaging over all the possible relaying links using f G (g) given in (8)
Proposition 4: Over Nakagami-m channel fading, the average false alarm probability, P
DAF f i
, for any number of cognitive radio relays, L, in a multi-relay DAF system, can be expressed as
Proof: See Appendix D.
Similarly, the average detection probability can be expressed as
For Rayleigh fading channels, P 
The error results in truncating the infinite series in (35) by N terms (|ε
and |ε
DAF d
| can be derived in the same way.
C. Convergence Acceleration
Theoretically, the infinite series
n b n appears in the exact closed-form expressions derived for P f and P d converges as n → ∞. We observed that this series converges for relatively small values of n when λ is small and here the infinite-series expressions can be accurately computed. However, when λ becomes large (λ → ∞), P d as well as P f tend to be very small (for instance their values can be less than 10 −3 ). Thus, to accurately compute P d and P f , a large number of terms need to be evaluated. Specifically, the sum of the infinite series requires the evaluation of b n over a large value of n. This shortcoming can be avoided by using a convergence acceleration technique. The series acceleration is used to improve the rate of convergence of the infinite series through sequence transformation algorithms. The technique has the potential to reach the series limit within some accuracy using fewer terms than are required. Sequence transformation generates a new sequence based on a partial sum
The objective is to estimate lim n→∞ S n by using as few partial sums as possible. One of the powerful algorithms suitable for this purpose is Wynn's -algorithm which is a simple recursive scheme that builds a triangle array called epsilon array in which each term of the sequence is determined by the three previous terms with the initial condition −1 (S n ) = 0,
The algorithm repeatedly applies the recursive expression in (40) to estimate the converging point of n while constantly adding adequate terms of
n b n to reach the required accuracy.
D. Approximation Analysis
In this section we propose a new computational approach to avoid seeing the infinite series in the closed-form expressions derived for the average false alarm probability and the average detection probability. When A i is assumed to be high enough, then we have 1 + A i g i 1, and the incomplete gamma
. This approximation facilitates the evaluation of the integrals and alleviates the complexity of using the PDF-based approach in deriving P f and P d . In the following, we present approximated closed-form expressions derived for the average false alarm probability and the average detection probability using the aforementioned approximation.
AF-Strategy:
where (24) and (42) with Monte Carlo simulations for N = 50, L = 3, m = 2, P = 5 dB, and γ s = 0 dB.
Proof: See Appendix E.
III. PERFORMANCE EVALUATION
To validate the accuracy of the derived closed-form expressions and to quantify the performance of the proposed CR network approach, several analytical and numerical simulations are performed with a variety of diversity combinations. The noise variance N 0 is set to a unity (0 dB) and an upper bound of P f i ≤ 0.1 and a lower bound of P d i ≥ 0.9 are considered. These target values of P f i and P d i are recommended in literature as well as IEEE 802.22 standard [36] . The derived closed-form expressions of P f and P d are computed with MATHEMATICA-8 software package.
In Fig. 2 , the analytical results of the exact and the approximated closed-form expressions of P
AF d
given in (24) and (42), respectively, are verified by simulation results generated through a Monte Carlo test run over 100,000 iterations. As can be seen, the analytical results of the exact closed-form expression match well with the simulation results and an accuracy of four decimal points is achieved for λ < 15. The small number of terms required to evaluate the infinite series at small λs makes the exact expressions more appropriate in this case. However, when λ becomes large, more sum up terms are required to evaluate the infinite series ∞ n=0 (−1) n b n and the approximated expressions becomes more appropriate to be use for computing P AF d due to their computational simplicity. The minimum number of terms required to evaluate the infinite-series closed-form expressions given in (20) and (35) with a five figure accuracy is shown in Table I . Using the bound given in (27) and (39), we recorded the number of terms N required to compute P f over different combinations of m, L, and P . We observed that the use of -algorithm dramatically reduces the points of convergence N and highly improves the convergence rate.
In Fig. 3 , we plot P d versus λ for different values of N . The expression given in (24) is used to compute the average detection probability. As can be seen, the infinite series converges with fewer number of terms for small λs. However, as λ increases, the infinite series diverges and unbounded values of the average detection probability are observed. For example, with N = 36, the infinite-series converges and an accurate estimation of the average detection probability is obtained for λ values up to 38. With the same experimental set up, the infinite series converges for λ values up to 46 with N = 40 and up to 58 with N = 50. Clearly, having an insufficient number of terms to evaluate
n b n results in large convergence errors that deteriorate the detection accuracy. In Fig. 4 , the complementary receiver operating characteristic (ROC) curves of the energy detector are plotted for several diversity scenarios. The curves are plotted for probability of missed detection (1 − P d ) versus probability of false alarm. Equations (20) and (24) are used to compute the average false alarm probability and the average detection probability, respectively. A close observation of Fig. 4 shows that the performance of the energy detector is significantly improved when the number of cooperative users increases. The case with L = 1 corresponds to the no-diversity scenario (single-relay system). The AWGN case is plotted for comparison purposes. AWGN channels are frequently assumed in literature to investigate the energy detection performance. Clearly, such assumption overestimates the detection accuracy as can be seen from the plotted curves.
To demonstrate the importance of the diversity reception for both AF and DAF strategies, we plot in Fig. 5 P
and P
DAF d
for a different number of cooperative users. Obviously, the detection accuracy is greatly improved when the number of cooperative users increases for both strategies. However, the DAF strategy performs better than the AF strategy for all the diversity scenarios. This can be explained by considering that only cooperative users with reliable detection probability are allowed to forward their local measurements to the fusion center. The difference in the performance of the DAF and AF strategies becomes more distinguishable as the number of cooperative users increases. Obviously, the system performance, deteriorates if the number of the heavily faded users becomes large enough to induce a missed detection in the final decision.
In Fig. 6 , the average detection probability is plotted for three Nakagami-m fading scenarios with the case m = 1 corresponds to Rayleigh fading. The high performance achieved with higher values of m refers to the fact that the fading severity is inversely proportional with the fading parameter, m. Furthermore, the DAF strategy shows a better performance compared to the AF strategy, specifically at severe fading environments. Fig. 7 shows that detection accuracy is significantly improved by increasing the relay power constraint, P . The decision threshold λ is set to a value of 5 to maintain the average false alarm below a target value of 0.1 at all the selected power constraint scenarios. The DAF strategy shows a better performance compared to the AF strategy for all power constraint scenarios. Yet, the AF performance becomes very close to the DAF performance at higher values of P . A target value of P d > 0.9 is achieved with P = 10 dB for L = 3 and with P = 13 dB for L = 1. This indicates, a gain of 3 dB can be achieved by switching from a non-cooperative case to a cooperative case with L = 3 users. Beyond the target value, the curves slow down as P d approaches unity. Thus, there is no need to increase the transmission power to push P d beyond this target value, since the higher transmission power leads to a higher interference level that may affect the operation of the primary network. Fig. 8 shows that an upper bound of P f < 0.1 is achievable with λ = 5 over the selected range of the power constraint. For the cooperative case (L > 1), the DAF strategy provides a lower rate of false alarm rate compared to the AF strategy which is expected as the DAF strategy eliminates the negative contributions of the unreliable users.
IV. CONCLUSION
We analyzed the performance of CSS with diversity reception and channels impaired with Nakagami-m fading. Based on two relaying strategies, namely, the amplify-and-forward strategy and the detect-amplify-and-forward strategy, We analyzed the way the detection accuracy varies with the number of cooperative users, the fading severity, and the power constraint. Through extensive analytical and simulation results, we show the importance of including the relaying channel propagation characteristics to the analysis and design of cognitive radio networks. The DAF strategy shows that it is not necessary to incorporate all CRs in the cooperative process and a small number of reliable radios is enough to achieve practical detection level. The employed general fading model yields more realistic results compared to AWAGN and i.i.d. Rayleigh channel. We also observed that the DAF strategy outperforms the AF strategy in all suggested scenarios.
for a single-relay AF strategy: From (9), the probability of the false alarm for a given g can be evaluated as
where the integral in (49) is evaluated with the help of [31, Eq. 3.383.5] and λ denotes the decision threshold used by the fusion center to infer the primary state θ. Now, we remove the condition on g and compute an average false alarm probability P f i by integrating over the PDF of the channel gain given in (8) as follows (8) into (50) yields 
The above integral is evaluated with the aid of The false alarm probability for a given g can be expressed as
Similarly, the detection probability can be expressed as
From (13) and (54), the PDF of Y i under hypothesis H 0 denoted by f Y i |H 0 (y) for a given g is given by
Similarly, from (13) and (55), the PDF of Y i under hypothesis
can be evaluated using the channel statistic given in (8) as follows for a multi-relay AF system: From (19), the average false alarm probability is evaluated as follows
The expression of P AF f in (60) cannot be evaluated straightforward. However, we can rewrite this expression as the expectation over g i 's such that
To simplify the computations of the above expectation, we define the following random variable
Since each g k follows gamma distribution, the random variable, R, is a sum of mutually independent gamma variates. Thus the expression of P AF f in (61) can be expressed as
where f R (r) is the PDF of the random variable R.
Since g i 's are independently distributed and each follows the gamma distribution given in (8) , the moment generating function of L i g i , is given by 
Using a general partial fraction technique to compute the inverse of M R (t) and following the same steps as in [37] , the PDF of R for integer values of m i is obtained as follows
The PDF given in (66) requires all the β's to be distinct and not necessary to be integers. If some of the β's are equal then the corresponding factors can be combined. Substituting (66) into (63) yields 
Thus the expression of P DAF f in (34) can be expressed as
Substituting (66) into (70) yields
Following the same steps in Appendix C, to evaluate the above integral, (71) yields the expression given in (35) . [31, Eq. 3.471.9] , to evaluate the integral in (72) with some algebra, yields
The expressions given (42)-(48) can be obtained in the same way.
